ABSTRACT: Freshwater habitat use by yellow-stage eels is facultative. Survival, infestation rates, and prevalence of the swimbladder parasite Anguillicola crassus (Nematoda) in European eel is higher in freshwater than in brackish water or seawater. This suggests that infestation patterns vary among habitats with different salinity. To evaluate whether Japanese eel Anguilla japonica populations with different habitat use behavior have different parasite dispersion modes, we examined by electron probe microanalyzer the otolith strontium:calcium (Sr:Ca) ratios of 166 Japanese eels collected from the Kaoping River, southwestern Taiwan, in 2006 and 2007. According to the mean and SD of otolith Sr:Ca ratios, we differentiated between 3 types of habitat use in eels: freshwater, low-migratory (Type 1), brackish water, low-migratory (Type 2), and high-migratory (Type 3). The mean prevalence of A. crassus was lowest in Type 2, intermediate in Type 1, and highest in Type 3, but there were no significant differences. Mean intensity of A. crassus at the larval stage (but not adult stage) was significantly higher for Type 1 than for the other 2 types. Our results suggest that diverse habitat use by Japanese eels implies behavioral plasticity to make use of different ecological niches. High-migratory Type 3 eels, which dominate the population, may serve as vectors disseminating A. crassus among different habitats.
INTRODUCTION
The Japanese eel Anguilla japonica Temminck & Schlegel is a temperate catadromous fish showing a complex life cycle. Mature eels spawn in the western Mariana Islands, near 14 to 16°N, 142°E (Tsukamoto 1992 (Tsukamoto , 2006 . Hatched leptocephalus larvae drift from their spawning grounds with the North Equatorial Current (NEC) and then the Kuroshio Current (KC) for 4 to 6 mo, finally reaching the coasts of Northeast Asia (Cheng & Tzeng 1996) . There they metamorphose into glass eels along the continental shelf and disperse from the Philippines to Taiwan, mainland China, Korea, and north to Japan (Tesch 2003) . After growing for many years, they start silvering at the onset of sexual maturity, and migrate back to their area of birth, where they spawn and die (Tzeng et al. 2000 , Tesch 2003 .
Japanese eel recruitment is in rapid decline, due to over-fishing, habitat destruction, and global climate changes (Tzeng 1985 , 1986 , Liao 2001 , Dekker et al. 2003 , Han et al. 2008a ). The effective management of eel populations to ensure resource sustainability requires a thorough understanding of the life-history strategy of the Japanese eel. In recent years, otolith strontium:calcium (Sr:Ca) ratios have been used to trace the salinity life history of eels (Tzeng et al. 1997 , Tsukamoto et al. 1998 , Han et al. 2003a ). The Japanese eel should be considered a facultative catadromous fish that can grow up in freshwater, brackish water, seawater, or migrate between freshwater and seawater (Tzeng et al. 1997 , 2002 , 2003 , Tsukamoto et al. 1998 , Tsukamoto & Arai 2001 . In estuarine habitats, salinity is highly variable. Eels choose a preferred salinity habitat in which to grow up (Han et al. 2003a ). Eels showing low-migratory behavior are found in seawater, brackish water, or freshwater, whereas high-migratory eels may shift between these habitats. The migratory behavior of Japanese eel is well documented, its ecological implications, however, for both the host and its swimbladder parasite Anguillicola crassus are still poorly understood.
Anguillicola crassus, originally endemic in the Japanese eel in east Asia (Kuwahara et al. 1974 , Nagasawa et al. 1994 , was accidentally introduced into European waters in the early 1980s (Koops & Hartmann 1989) . It rapidly spread throughout Europe (Kirk 2003) , North America (Fries et al. 1996 , Barse et al. 2001 , and north and east Africa (Sasal et al. 2008) . Eels become infested by ingesting third-stage (L3) larvae preying either on copepods (Crustacea) (Kennedy & Fitch 1990 , Ooi et al. 1997 or on small fish (Kirk 2003) being intermediate, or paratenic hosts respectively, to the larvae. Adult A. crassus copulate in the lumen of the eels' swimbladder. Eggs or hatched second-stage (L2) larvae leave the swimbladder passively via the pneumatic duct, pass down the intestine, and are released into the water as motile L2 larvae (Kirk et al. 2000a,b) . They attach to the substratum and undulate to stimulate predation by intermediate hosts. In their intermediate hosts they develop to infective L3 larvae, ready to infest eels as a definitive host (Thomas & Ollevier 1993) .
Salinity reduces egg-hatching, L2 larvae survival, and infestation rates of Anguillicola crassus significantly (Kirk et al. 2000a,b) . Thus, it is reasonable to presume that both the prevalence and intensity in natural eel populations are low in habitats of high salinity (Taraschewski et al. 1987 , Höglund et al. 1992 , Pilcher & Moore 1993 . However, infested migrating eels may transport larvae and adult parasites among different habitats. For this reason, infestation patterns among ecologically different eel types could be modified to some extent. A. crassus infestation is abundantly studied for European eels; for Japanese eels, however, infestation ratios in relation to habitat salinity are poorly known. This study seeks to address this research gap.
Based on otolith Sr:Ca ratios we allocated specimens of Japanese eel to 3 types of habitat use behavior, and investigated the effect of this behavior on the infestation with Anguillicola crassus in order to better understand the role of habitat use on both the eel and its parasite.
MATERIALS AND METHODS
Sample collection. From June 2006 to July 2007, Japanese eels (N = 166) were collected from the Kaoping River estuary, southwestern Taiwan. The sampling locations and the methods used for eel capture are described in detail by Han & Tzeng (2006) . The eels were transported live to the laboratory and anesthetized with 500 ppm 2-phenoxyethanol dissolved in water. Length and weight of the individuals were measured to the nearest 1.0 mm and 0.1 g, respectively. Only eels > 35 cm, of a definitive gender, and with clear habitat use patterns were analyzed. They were decapitated for otolith collection and parasitological examination. The gender was determined by morphology (Han et al. 2003b) .
Parasitological examination. Adult Anguillicola crassus were removed with forceps from the swimbladder and their species and numbers recorded (Han et al. 2008b ). Swimbladder walls were checked for A. crassus larvae by squash preparation, using 2 Perspex plates. The prevalence, mean intensity of infestation, and abundance of the parasites were calculated according to Bush et al. (1997) .
Otolith preparation and Sr:Ca ratio analysis. Sagittal otoliths, which are the largest of the 3 pairs, were prepared for Sr:Ca ratio analysis (Han et al. (2003a) . Briefly, collected otoliths were stored in 95% alcohol, air-dried, embedded in epofix resin, ground, and polished until the cores were exposed. The polished otoliths were coated with carbon in a high-vacuum evaporator. Sr and Ca concentrations (wt %) were measured from the otolith primordium to its edge at 10 µm intervals using an electron probe microanalyzer (EPMA; JEOL JXA-800M; settings: electron beam 5 µm diameter, 15 kV accelerating voltage, 5 nA probe current).
Data analyses. Parasite prevalence among the 3 eel types was examined using the chi-square test (SPSS software, version 12.0). Differences in mean intensity of infestation among eel groups were analyzed with the non-parametric Kruskal-Wallis (K-W) test, followed by the Mann-Whitney U-test. Significance was accepted at α = 0.05.
RESULTS

Otolith Sr:Ca ratio patterns
Otoliths of 15 male and 151 female Japanese eels were examined for Sr:Ca ratio (Table 1 ). At a distance between 100 and 200 µm from the otolith primordium, which corresponds to the marine leptocephalus stage, the Sr:Ca ratios dropped markedly and independently from habitat use. Based on the SD of the mean Sr:Ca ratio at a distance > 200 µm from the primordium, each eel was allocated to either a low-migratory or high-migratory subgroup. The higher the SD value of the Sr:Ca ratio, the more migratory the behavior of the individual was considered.
The 1.4 ‰ value of SD of the Sr:Ca ratio was used to discriminate low-migratory eels (Type 1 and 2) from high-migratxory ones (Type 3) (Table 1; Fig. 1 ). For samples caught from freshwater and estuary habitats, mean otolith Sr:Ca ratios are 2.2 and 3.1 ‰ respectively (Tzeng et al. 2002) . In the present study we set a mean Sr:Ca ratio of 2.4 ‰ as a boundary to separate low migratory freshwater eels from low migratory brackish water ones (Type 1 or 2, respectively) (Table 1; Fig. 1) .
Tzeng et al. (2002) used a mean Sr:Ca ratio of 4 ‰ to discriminate the freshwater from seawater eel; however, since very few seawater-type eels were caught in the Kaoping River estuary (Tzeng et al. 2002 : < 5%; this study), these eels were thus incorporated into either Type 2 or 3, based on this study's classification method.
Parasitological data
All parasites found in the swimbladders were Anguillicola crassus, identified after Han et al. (2008b) . The prevalence of adult A. crassus was lowest in Type 2 (28.1%), intermediate in Type 1 (41.0%), and highest in Type 3 (46.3%) eels. Nonetheless, no significant differences were observed (χ 2 = 3.27, df = 2, p = 0.20) ( Table 1 ). The mean intensity of larval A. crassus differed significantly in the 3 eel types (K-W test, p < 0.01). Statistical significance was found between Type 1 and 2 (p = 0.02) and 1 and 3 (p < 0.01), but not between Type 2 and 3 (p = 0.23). The mean Intensity of adult A. crassus did not differ significantly among the 3 eel types (K-W test, p = 0.17). The mean intensity of total A. crassus (larvae + adults) differed significantly among the 3 eel types (K-W test, p < 0.01), with significance occurring between Type 1 and 2 (p = 0.02) and 1 and 3 (p < 0.01), but not between Type 2 and 3 (p = 0.91).
DISCUSSION
In the European eel, both the prevalence and intensity of infestation of Anguillicola crassus are generally lower in seawater than in freshwater (Taraschewski et al. 1987 , Höglund et al. 1992 , Pilcher & Moore 1993 . L2 larvae can survive up to 100 d in freshwater, 70 d in 50% seawater (17 psu), and 40 d in seawater (33 psu) Kirk et al. (2000a) ; the length of time they are infec- Fig. 1 . Anguilla japonica. Temporal changes in otolith Sr:Ca ratios in 3 different migratory types of Japanes eel from the estuary of the Kaoping River. Ratio maxima around a distance of 100 µm belong to the otolith primordium (marine leptocephalus stage of eel larvae). Only ratios from a distance > 200 µm were used to compute the mean and SD (in graphs). Type 1: low-migratory, freshwater; (b) Type 2: low-migratory, brackish water; (c) Type 3: high migratory Table 1 . Anguilla japonica infested by Anguillicola crassus. Japanese eels from the Kaoping River, 3 migratory types: (1) freshwater, low-migratory; (2) brackish water, low-migratory; (3) high-migratory. N: Sample size; TL: mean total length ± SD; BW: mean body weight ± SD. Parasitic Anguillicola crassus from the eels' swimmbladder: Prev.: prevalence; Abund.: abundance. L: mean number of larvae ± SD; A: mean number of adults ± SD; L + A: total of larvae plus adults ± SD In this study, the prevalence of A. crassus was lower in brackish water than in freshwater, and the migratory Type 3 eels that dominate the population suffer a higher parasite prevalence, although, no significant differences were observed among the 3 eel types. We believe that migratory eels encounter more diverse habitats and thus face a greater chance of becoming infested. Highly migratory eels may also serve as vectors, disseminating A. crassus among habitats, thus efficiently buffering the different infestive potentials among microhabitats with different salinity levels. Since all our eel samples came from an estuarine area, higher or lower infestation rates in eels from upstream (freshwater) or downstream (more saline) habitats cannot be excluded. The Kaoping River is small and lacks stable freshwater input throughout the year, and there are many weirs along the river that block the upstream migration of eels. Thus, only few eels can be caught in the middle and upper reaches of the Kaoping River (Han & Tzeng 2007) . Accordingly, different habitat-use strategies among eels may, in theory, disperse parasite infestation risk. However, the migratory behavior of Type 3 eels seems to counteract the seawater barrier and thus may support the dissemination of A. crassus as the parasite may become dispersed by infested eels that migrate among separate rivers via coastal routes through saline waters. This would partially explain the quick dispersal of A. crassus from Germany to the whole of Europe within 10 yr (Kirk 2003) . The mean intensity of larval (but not adult) Anguillicola crassus was significantly higher in Type 1 eels than in Type 2 or 3. This may reflect the longer lifespan and higher infestation rate of larval A. crassus in freshwater habitats. The comparable mean intensity for adult parasites, however, may be due to the regulatory mechanism of the eel host, which hinders most larvae from growing into adults. In contrast to its effects on European eels, A. crassus does not usually cause serious pathological damage in Japanese eels, as infestation tends to occur at low intensities (Egusa 1992 , Würtz & Taraschewski 2000 , Kirk 2003 , Taraschewski 2006 , Han et al. 2008b ). Laboratory infestation experiments reveal Japanese eels to be more resistant (Knopf & Mahnke 2004) and to show stronger humoral immune response (Nielsen 1999) to A. crassus than European eels. Thus, although the mean intensity of larval infestation in freshwater habitats is high, its significance would disappear within a relatively short time, because only a few larvae will survive to adults in the Japanese eels.
In conclusion, life-history scans of otolith Sr:Ca ratios have confirmed that yellow-stage Japanese eels occupy freshwater and brackish water, with some eels migrating between the 2 habitats. The diverse habitat uses of Japanese eels suggest a behavioral plasticity that helps eels maximize their range of habitat possibilities. However, the parasite Anguillicola crassus seems to benefit from the dominant migratory Type 3 eels, which may serve as vectors in disseminating parasites among habitats of diverse salinity regimes.
